The ability to directly measure the momentum distribution of quantum gases is both unique to these systems and pivotal in extracting many other important observables. Here we use Raman transitions to measure the momentum distribution of a weakly-interacting Fermi gas in a harmonic trap. For narrow atomic dispersions, momentum and energy conservation imply a linear relation between the two-photon detuning and the atomic momentum. We detect the number of atoms transferred by the Raman beams using sensitive fluorescence detection in a magneto-optical trap. We employ this technique to a degenerate weakly-interacting Fermi gas at different temperatures. The measured momentum distributions match theoretical curves over two decades, and the extracted temperatures are in very good agreement with the ones obtained from a conventional time-of-flight technique. The main advantages of our measurement scheme are that it can be spatially selective and applied to a trapped gas, it can be completed in a relatively short time, and due to its high sensitivity, it can be used with very small clouds.
In recent years, experiments with ultracold dilute gases contributed immensely to our understanding of quantum many-body phenomena [1] . Among the properties that make these systems so useful are the tunability of interparticle interactions in the vicinity of a Feshbach resonance [2] , the flexibility of generating different potentials using far-off-resonance light [3] , and the ability to directly measure observables not easily accessible in other systems, such as the momentum of the particles. The momentum distribution is instrumental for extracting many other important observables. For instance, the total energy of the cloud can be calculated from the momentum distribution measured after the interaction energy has been converted into kinetic energy in a ballistic expansion [4] [5] [6] [7] . In addition, the contact parameter, C, can be extracted from the tail of the momentum distribution [8] , which scales as n(k) → C/k 4 for k k F , with k F being the Fermi wave-vector [9] . The occupied single-particle spectral function can also be reconstructed from a set of momentum distribution measurements of rf out-coupled atoms [10] . This so-called momentum resolved photoemission spectroscopy (MRPES) technique is one of the most powerful methods to characterize the many-body state of the system [11] [12] [13] [14] .
The most common way to measure the momentum distribution is by abruptly closing the confining potential and letting the atoms expand ballistically without collisions, commonly referred to as time-of-flight (TOF) measurement. To eliminate systematic errors due to the initial size of the cloud, the expansion time must be very long or alternatively be performed in a perfect harmonic trap for a quarter of the trapping period [15] [16] [17] . These techniques do not allow determination of the momentum distribution of a gas which is still trapped. Since they rely on optical imaging, they are naturally limited by * Electronic address: yoavsagi@technion.ac.il the relatively small atomic absorption cross-section and the spatial optical resolution.
An alternative approach is to use stimulated Raman scattering. In this process, two different internal states are coupled by the absorption and stimulated emission of two photons from two different optical beams. Conservation of energy and momentum restrict the possible velocity of the atom coupled by the Raman beams. The velocity-selective nature of the Raman process has been employed for manipulation [18] , velocity detection [18, 19] , cooling [20, 21] , and atomic interferometry [22] . Raman coupling was also used for creating spin-orbit coupling for neutral Bose [23] and Fermi gases [24, 25] . Bragg scattering, a closely-related process, was used to study the structure factor and excitation spectrum of Bose-Einstein condensates (BEC) [26, 27] and degenerate Fermi gases [28] , and to measure the momentum distribution of a homogeneous weakly-interacting BEC [29] .
In this paper, we demonstrate an in situ measurement of the momentum distribution of a degenerate weaklyinteracting Fermi gas using Raman spectroscopy and a sensitive fluorescence detection scheme [30] . There are four main advantages to this approach. First, it can be applied to the atoms without releasing them from the trap. This is particularly useful if a measurement of only part of the cloud is needed, in which case the Raman beams can be focused and probe this part specifically. Second, since our detection scheme is done by recording the fluorescence of atoms trapped in a MOT, it is very sensitive and can be applied with very small atom numbers. Third, the measurement is not sensitive to the shape of the cloud. Lastly, unlike TOF techniques which require an expansion of tens of milliseconds, the measurement using Raman transition can be performed in a short duration, typically much less than a millisecond.
This merit can open the door to novel studies of out-ofequilibrium dynamics.
The two-photon Raman transition connects atoms with energy E i ( k) and 
FIG. 1. Top (a) and side (b) schematic plots of the beam configuration in the Raman spectroscopy experiments. Two Raman beams (blue lines with arrows) with orthogonal polarizations are counter-propagating and cross the atomic cloud, which is being held in an elongated optical dipole trap (red lines). The magnetic field axis is parallel to gravitational acceleration. (c), Level diagram of the relevant states in 40 K. The two states whose interaction is controlled using the Feshbach resonance are designated by |1 and |2 . In Raman spectroscopy we measure the momentum-dependent transition rate Γ(δ) from state |2 to the state |3 , which is initially unoccupied and is weakly-interacting with atoms in other states, in the range of magnetic fields applied in these experiments. We employ a sensitive fluorescence detection scheme to count the Raman-coupled atoms in state |3 [30] . First, we use MW adiabatic sweep to transfer these atoms to state |F = 7/2, mF = −3/2 , which is magnetically trappable. Then, we trap them by switching on a magnetic quadrupole field. Finally, we switch on 3D MOT beams and record their fluorescence. states, respectively, whereh k is the initial momentum of the atom and k r = k 1 − k 2 is the relative wave-vector of the Raman transition. Assuming a quadratic dispersion relation E j ( k) = E 0 j +h 2 k 2 /2m, with E 0 j being the zero momentum energy, conservation of energy and momentum yields:h
where k z ≡ k ·k r is the atomic momentum projection along the direction of
where λ R is the average wavelength of the Raman beams and θ is the angle between them. Eq.(1) shows there is a linear relation between the Raman detuning and k z . Note that in this treatment we assume a linear response of the Raman transition, which means the Raman pulse duration should be much shorter than the Raman Rabi duration 2πΩ −1 R . Thanks to the high sensitivity of our fluorescence detection scheme, we can indeed work in the weak coupling regime where the fraction of transferred atoms is typically less than few precents.
The experiments are conducted with a quantum degenerate gas of fermionic 40 K atoms. The gas is prepared in a balanced incoherent mixture of the states |1 = |F = 9/2, m F = −9/2 and |2 = |F = 9/2, m F = −7/2 in the 4 2 S 1/2 manifold, whose interaction, charac-terized by the s-wave scattering length a, can be tuned by an external magnetic field near a Feshbach resonance at B 0 = 202.14G [30] . The experimental apparatus and cooling sequence are the same as described in Refs. [30, 31] . Two counter-propagating Raman beams overlap with the atomic cloud (see figure 3a and 3b). The Raman process, shown schematically in figure 1c, couples atoms in the state |2 to a third initially unoccupied state |3 = |F = 9/2, m F = −5/2 . We denote the Raman beams frequencies by ω 1 and ω 2 and their wavevectors by k 1 and k 2 . The detuning of ω 1 and ω 2 from the closest transition, 4 2 S 1/2 → 4 2 P 3/2 , is given by ∆, which is chosen to be much larger than the excited state width in order to keep a low rate of spontaneous Raman scattering events.
The Raman beams are derived from a single distributed Bragg reflector (DBR) laser whose wavelength can be tuned by changing the temperature and current. The linewidth of the laser is ∼ 1MHz, and with temperature stabilization it is stable to within 10MHz, much smaller than ∆. The two beams are generated by two acousto-optical modulators in a double-pass configuration [32] . The modulators are driven by a single direct digital synthesizer (DDS), which ensures that the two Raman beams are phase-coherent. The beams are delivered to the apparatus by two single-mode polarizationmaintaining optical fibers. Their 1/e 2 radius is 0.9mm and their power is around 1mW. They have linear or-thogonal polarizations, and their propagation axis forms an angle of ∼ 83 • with the direction of the magnetic field (the quantization axis) and 45 • with the long axis of the optical trap (see figure 1a and 1b). With this choice, we are able to drive the Raman transition |2 → |3 which requires σ + and π photons.
In order to achieve the highest detection sensitivity, we employ a technique we have recently developed for rf spectroscopy [30] . The main idea is to selectively transfer only the atoms in state |3 to another magnetically trappable state which is initially unoccupied. Then, these atoms are trapped by turning on a magnetic trap, while driving atoms in all the other untrappable states out of the detection region. We then turn on laser beams which create a 3D MOT in which we detect the trapped atoms by recording their fluorescence. This technique allows us to detect very small signals down to only few atoms.
The Raman spectrum is obtained by scanning the twophoton detuning, ω 1 − ω 2 , and recording the number of atoms transferred to state |3 . A characteristic measurement is shown in figure 1d . Each data point requires that the cloud be prepared anew. For each spectrum, we also take several data points at δ = −2π×500khz, far from the Raman resonance around ∼ 2π × 18kHz (see figure 1d ). These shots are used as a calibration of the background signal, which originates from spontaneous Raman scattering events. The background, which is typically 20-40 times smaller than the peak Raman signal, is subtracted from all measurements presented in this paper.
Raman spectroscopy measurements of the onedimensional momentum distributions of a weaklyinteracting degenerate Fermi gas are shown in figure 2. In these measurements, the atomic cloud was prepared in a magnetic field of B ≈ 185G where 1/k F a ≈ 5.7 and states |1 and |2 are weakly-interacting. After evaporative cooling in the optical trap, we ramp up the trap such that the radial and axial oscillation frequencies are ω r = 2π × 750(3)Hz and ω z = 2π × 36(2)Hz, respectively. In order to prepare a gas with different T /T F (T F is the Fermi temperature), we vary the waiting time in the trap before applying the Raman pulse. The twophoton Raman detuning, δ, is translated into momentum using Eq.(1) and normalized by k F , which is calculated from the measured number of atoms and the trap oscillation frequencies. The quantity (E 0 f − E 0 i )/h, namely the energy difference between the initial and final states, is measured by rf spectroscopy with a spin-polarized gas [30] .
One-dimensional momentum distribution of noninteracting fermions in a harmonic trap has the following form:
where Li n (z) is the polylogarithmic function and ζ is the fugacity. This relation can be obtained by doubly integrating the three-dimensional momentum distribution 2), from which we extract T /TF shown together with the number of atoms in the inset table. In these experiments, the Raman pulse duration was 500µs, and it was applied 500µs after turning off the optical trap. The single-photon detuning in these measurements is ∆ = −2π × 54.78(8)GHz relative to the |F = 9/2, mF = −9/2 → |F = 11/2, mF = −11/2 transition.
over the x and y directions [33] . In a harmonic trap the fugacity is related to the normalized temperature through:
We fit the data with Eq.(2) (solid lines in figure 2 ). When fitting, Eq.(3) constrain the fugacity ζ(T /T F ), such that there are only 3 free parameters: T /T F , the distribution center, and a background level, which is typically very small because of our procedure to subtract the background. The excellent agreement between the fits and the data over more than two decades is a compelling evidence that indeed the measurement yields the momentum distribution. In figure 3 , we plot the normalized temperature, T /T F , extracted from the fits (red squares) as a function of the waiting time in the optical trap. For comparison, we also plot the temperature extracted from the momentum distribution measured with a conventional TOF technique (blue triangles). The temperatures extracted by the two techniques agree to within the experimental uncertainty.
In conclusion, we have explored the use of Raman transitions for probing the momentum distribution of a weakly-interacting quantum degenerate Fermi gas in a harmonic trap. There are several ways to extend Raman spectroscopy to the strong interaction regime. If the quantum state supports quasi-particles with a welldefined dispersion relation, e.g. a Fermi liquid, then the considerations leading to Eq.(1) may still hold, albeit with a renormalized mass and a mean-field energy shift. The Raman spectrum is then expected to reflect the momentum distribution of the quasi-particles. In the general case, Raman spectroscopy can be used to probe the single-particle spectral function, similar to rf MR-PES [34, 35] . This, however, requires resolving the momentum distribution of the Raman-coupled atoms. In order to measure the momentum distribution of stronglyinteracting fermions, it is necessary to rapidly ramp the magnetic field to the zero-crossing point where a ≈ 0 (∼ 209G for 40 K [36] ) [6, 37] . This ramp has to be faster than the many-body timescale h/E F [8] . Finally, when the Raman spectrum reflects the momentum distribution, it should be symmetric at equilibrium. Indeed, we have observed that in cases where the cloud has not yet reached equilibrium, the Raman spectrum shows interesting asymmetric patterns which are not noticeable in TOF measurements. This sensitivity suggests that Raman spectroscopy can be instrumental in exploring the non-equilibrium dynamics of driven Fermi gases.
